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Coexistence of prompt and delayed decay modes of energized polyatomic molecules is discussed with reference
to the special features of larger molecules which makes it amenable to experimental observation by a suitable
choice of initial conditions. The molecular parameters identified by the RRKM theory of unimolecular (delayed)
decay suffice to characterize the prompt process as well. The expected “kinetic stability” of large molecules
is thus not necessarily the rule, and fast processes are possible, suggesting the possibility of experimental
control.

Energizing polyatomic molecules above the threshold for question we discuss is whether this kinetic stabilityesessarily
bond breaking does not result in the immediate appearance ofthe case, whether dissociation of large molecules with sufficient
fragments. This is unlike the prompt dissociation of diatomic energy must be a slow process. The question is not idle because
molecules. Following Lindemann, the delayed dissociation of the delay in dissociation increases exponentially with the
polyatomics is assumed to be due to the time required for the molecular size so that even small energy-rich peptides are
bond-breaking energy to become localizétis thereby possible  predicted to have very considerable kinetic stabflity.

for the_ activation prol?_ess t?( be (I‘omplete?kwell b_efore_any We here discuss one possible mechanism whereby polyatomic
ex}entswe_ bon? br(laa N9 ;a”es P ?ce Lfltn' € a}‘ d.'atom'c’ @ molecules can promptly dissociate. The mechanism will apply
polya ?m'ﬁ molecule ca(r; a apatl.r ohn IS 'ownh, 'the Iln 2 alsoto an ordinary sized polyatomic molecule. What is special
ug:ma?oerﬁyca&&?ccﬁ:. ar;r' (lltjel‘;rlogr c?rrearlz tvf\:e?e ::] arr]geerabout larger molecules is that (i) the mechanism may be more
poly ! u Ju ger, y new readily realized experimentally and (ii) the necessary conditions
features that follow from the increased size. In the conventlonalf . - ’ s

or its validity are more readily satisfied for a larger system.

paradigm, the larger the molecule is, the more ways there 8"The discussion builds upon the conventional paradigm to show

of partitioning the energy amongst its many modes. Hence, Iargeth tin larger molecul P romot and del % m ?1 nism can

molecules are sometimes said to enjoy a “kinetic stability” in atin farger molecules a prompt a elayed mechanism ca
coexist, that the rates of both the fast and the delayed decay

that the fluctuation necessary to localize the energy where it is . d
needed is rare so that bond breaking is slow. There is a wealth®@" be characterized by the same molecular parameters one is
familiar with, and that the relative importance of the two

of experimental evidence that this is indeed the case. The ) k .
pathways is subject to experimental control.
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included the by now classic experiments on chemical activation, 10!
which seek to place the needed energy so that it is near to (or,
alternatively, far from) the site of the chemical transformation,
activation using infrared multiphoton pumpitfpr UV excita-
tion, attempts at blocking the intramolecular energy transfer,
site selective excitatioh? and most recently, ultrashort visible

or UV excitation®~12 An important source of evidence for
prompt dissociation is from the mass spectrometry of molecules
of biological importance. A molecular ion is given as much as
a microsecond or so in order to dissociate before its fragments 0 2 4 6

are detected. However, because the molecules are large, they

should be stable for longer (or even much longer). Yet a Iog(N/Ni)

fragmentation pattern of peptide ions is observed. Mass

spectrometry does not have a time resolution, so one cannotFigure 1. Decay rate (logarithmic scale) of an energy-rich polyatomic
say if the dissociation is prompt. But one can%that small molecule versus the ratio of the numié¢of states of the molecule in

peptide ions dissociate faster than they should if the energy isthe energy interval of interest and the numidér of states of the
equipartitioned over the large molecule transition stateN; < N. In theN; states, which are the gateways to the

products, the energy is already localized where it is needed for
In the RRKM theory! the molecule dissociates when energy dissociation. The Lindemann mechanism assumes\that N, and in

in excess of a threshol, is localized in the “transition-state”  this regime, the quantum mechanical results exhibit a bifurcation where

configuration. States that satisfy this criterion are taken to there is both a prompt and a delayed decay. RRKM is a quantitative

dissociate within about a vibrational period. In other words, such Statement that the delayed rate k\;/N), wherek is the rate of

- - dissociation from the transition state. The plot is obtained by computing
states dissociate promptly. At the same total energy there A€y e average rate for a quantum mechanical Hamiltonian. Note how, at

many more other states where not enough energy is localizedigy values ofN:/N, the average slow rate scales as expected from the
in the transition-state configuration. The RRKM theory assumes RRKM theory. The point is that, when there are only a few windows

that during and following activation, energy is first equiparti- for dissociation, there is also a second, prompt decay component, whose
tioned amongst all modes. The number of statesof the decay rate is almost independent of the size of the molecule. The
transition state is far smaller than the total numbérof states ~ contribution of this prompt component to the time evolution is
in the energy range of interest, and the ratigN decreases determined by the initial excitation; see Figure 2.

(exponentially) with the size of the molecule. Depending on the rank.N. of the Hermitian Hamiltonian, H. To see this

the structure of the transition state, the nunilgis either nearly S ; - ; :

constant or by itself increases with size. The reason the ratio §e;f)z;1||rat|(;)n ina S|tmple_I|nEwI|t cor?smclar'thtehsp%uatl'tcase \t/\{hen H
N4/N decreases is thatincreases with size faster thal does. EI?h u yh egenerfa eH - r’]W ;re IS I'zg : .ﬁn Ily ”g’.‘ rx.
(A simple estimate is thall; scales as & — Eo)/hv)sY(s — en the transformation that diagonalizEswill also diag-

1)! while N scales asE/hv)s~Y(s — 1)!, wheres s the number onalize H. Since the rank of is N, it has onlyN; finite
oo - eigenvalues, all the others being zero. This limit exhibits only
of vibrational modes and the mean frequency.is

prompt decay? In the general case, one can still diagonalize
For a larger molecule, the numbeX;, of states of the H and T simultaneously? and in that case, the othét —

trans!tion state is no I_onger s_,mall. On the other han_d, the rgtio N: eigenvalues are not zero but are much smaller than the
N3/N is smaller and will remain small even forent_ergles well in N: large rates. The average value of the eigenvalues in the
excess of the threshold energy for bond breaking. These areyyo groups is plotted in Figure 1, and we reiterate that the
the two parameters that are needed in the discussion below.|arge eigenvalues (prompt rates) hardly vary with the size of

prorriptf

average rate

107} delayed

We argue that, whefl;/N < 1, the unimolecular decay will e’ molecule. Therefore, the quantumtheory shows that, when
exhibit both a (weakly size dependent, cf., Figure 1) prompt NN is small, there will be a separation of time scales
and a much delayed component. The delay scalbg/s\When — manifested as two epochs in the time evolution, giving rise to

N> 1, that is for large molecules with an excess energy, itis prompt and delayed components in the appearance of products.
realistic to experimentally control the relative importance of the |, the following discussion, we shall use the language of
two components up to a point where the decay is primarily the RRKM theory. This brings about the simplification that
prompt, even thougiNy/N < 1. For a smaller molecule, the  there are but two decay rates, a prompt and a delayed one
ratio Ny/N increases rapidly with increasing excitation energy (Figure 1) leading to a biexponential time evolution. The weights
until it is no longer small compared to unity. The ratio is small 4 the two exponents depend on the details of the initial
primarily whenN; is itself small, i.e., in the immediate post-  aycitation.
threshold regime. The conditionN; < N, which is well satisfied for large
The mechanism that allows for the coexistence of a prompt molecules, insures (cf. Figure 1) a delayed dissociation. The
and a delayed decay can be discussed in purely quantumorigin of the delay is that reaching the transition-state config-
mechanical term& 15 The theory is based on using an effective uration acts as a bottleneck. The fraction of systems in the
Hamiltonian,H, to describe the bound states of the mole®ilé& transition stateNy/N, is small so that, while the decay of the
Because the molecule can dissocidieis not Hermitian and molecules at the transition state is prompt, the decay of other
has an anti-Hermitian parE;, which describes the coupling to  molecules is delayed. However, the very same condition also
the continuumH = H — iI. The decay rate is non-negative, insures that there can be a prompt dissociation (Figure 1). This
and sol is a positive operator. The eigenvalueslbfre not is the dissociation of thbl; systems in the transition state. The
necessarily all of comparable magnitude. Quite to the contrary, importance of this prompt component is determined by the
when N¢/N is small, the eigenvalues will separate into two occupancy of the transition state. For the purpose of this
distinct classes. The large eigenvalugsin number, correspond  discussion, we note that the quantum mechanical time evolution
to the prompt decay. This separation occurs because the ranlkcan be mimicked by a simple kinetic model, as follows. All
of I' is Ny, and as is discussed aboWg,is much smaller than  energy-rich states are grouped into two exclusive groups. Those
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that promptly decay are in the transition state, labeled TS, while l ——r—
the other states are kinetically stable. L [TS]),=0.9

0.8 [Plroducts] (1) .
[N] < [TS] -~ [products] 1)

0.6 o5l [Productsi(t),
where the square brackets denote concentratloissthe rate 1
constant for prompt dissociation, which determines the rate of 0.4 0 -
appearance of products in terms of the number of molecules L/ [TSI() 0.1 log (KIO_ time)looo ]
in the transition state d[products]/et k| TS]. This rate equals 0.2
the rate for decay of bound moleculesd([N]+[TS])/dt = - 7T (NI®™ =~ =77
KTS]. ol ™ e

The RRKM approach assumes that prior to dissociation there 0 2 4 6 8 10
is time for the population of bound molecules to equilibrate K- time
between the two groups (i.e., there is a representative sampling
of the bound part of phase space). The ratio of the concentrations 1 T L
is then equal to the ratio of volumes in phase space [TSHN] i [N],=0.91
kt/ki and d[products]id= (kkl/k})[N] = k_(ld/(ld + K))(IN] + 0.8 l\ [Products](t) .
[TS]). The rate constant for the decay is thus slowed down by - :
kt/(kt + ki) because of the equipartioning of the energy prior 0.6 4
to dissociation. One expects this reduction to be considerable I
because in general there are many more states in N than in TS; 0.4t J
N:/N < 1 so thatkl/kl < 1. \
Initial conditions are under the control of the experimentalist. 0.2 (NI(®) i

So rather than making an equilibrium approximation, [TS]/[N] ) \
= ki/kl < 1, one can exactly solve the kinetic scheme (1). To 0 [TS1(t) \‘\ .

do so, one must specify the initial ratfaof the concentrations

of the molecules in the two groups, and this specification .

replaces the assumption of equilibrium made above. Then, the K - time

two equations that govern the time evolution of the population Figure 2. Prompt and delayed time evolution of the concentration

in N and TS are respectively (square brackets) of energy-rich molecules and of the products for the
same system for two different initial conditions. Note the 2 orders of

0 200 400 600 800 1000

magnitude difference in the time scaleis a rate defined in ref 20 so
[NI(t) = (IN]y/2) exp[-(k + ki + kT)t/Z]I(l - thatx x time is dimensionless. The two equations that govern the time
Kt ki — K Kt ki — Kt evolution in the TS and N are given by egs 2 and 3. Top panel: initial
— - — excitation primarily in the transition state (TS) region. The decay of
K exp(Kti2) + (1 + K ) eXcht/Z)] + the molecule and the rise of the products are prompt. There is a small

ki component of delayed decay (10% due to the initial excitation and a
[Ty~ exp[—(k + K + KNt/2][exp(t/2) — exp(—«t/2)] (2) few additional percents due to the internal energy relaxation). This is
K reflected (see inset) in the rise of the concentration of the products at

Kt very long times (logarithmic scale). Bottom panel: initial excitation
[T(t) = [N]g— exp[—(k + ki + kKMt/2][exp(t/2) — primarily of states where the excess energy is delocalized. The decay
K @s far s!oyver and the concentration of molecules in the transition state
exp«t/2)] + (T9y/2) expl-(k + ki + I<T)t/2][(1 + is negligible.
K+ ki — Kkt k+ ki — Kkt How far can one beat RRKM by a suitable initial preparation?
P expti2) + (1 = P )eprctIZ)] ©) In the kinetic scheme, it depends on the radifk. Intuitively

this is clear. The energy-rich molecule, with its energy localized,

wherex? = (k + kKt + k)2 — 4ktk. The kinetic model shows  has two choices: it can promptly dissociate or it can proceed
that attempting to vary the initial conditions is worthwhile. If  to equipartition its localized energy. The branching rati&tis
initially all (or most) of the molecules are in N, i.e., have their k. The larger it is, the more molecules will proceed towards
energy nearly equipartitioned, then the exact time evolution is energy redistribution. Since the rate const&nbf prompt
essentially that given by RRKM, namely the dissociation is dissociation is quite large, as high as a vibrational frequency,
delayed (lower panel of Figure 2J.When one puts [TS]/[N] the ratioki/k cannot be very large since it has the physical
< 1 as the initial condition, then the exact solution preserves interpretation as the probability of energy redistribution per
this near equipartition and, as seen in the bottom panel of Figurevibrational period. Ordinarily, this probability is well below
2, the concentration of molecules in the TS remains very low. unity, as otherwise a state of the transition state will dissipate
The reason is that if a molecule makes it to the transition-state its energy localization before it undergoes the motion along the
configuration, it promptly dissociates. So molecules do not reaction coordinate that will take it towards prodit3?
accumulate there. Molecular dynamics simulations (e.g., ref 23) suggest that

For larger molecules, one can depart from the RRKM initial molecules with enough energy for dissociation do retain their
conditions and thereby control the time evolution. If initially energy localization for tens (or more) of vibrational periods.
most molecules are created with the energy localized in the Experimental evidence comes, for example, from attempts to
transition-state configuration, then the dissociation can be quitequench the energy-rich molecules by collisions with other
prompt (top panel of Figure 2). In other words, an activation molecules. So far, there is no unequivocal evidence for the so-
where initially [TS]/[N] > 1 will lead to a dominant promptly ~ called Kramers “inverted regime® where the frequency of
dissociating component. collisions is so high that they can intercept a molecule during
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its motion along the reaction coordinate enroute from reactantswhen the excitation is fast. In the experiments of Diau et al.
to products. Figure 2 is drawn for the cadék = 0.1, which the CG=0 group is the chromophore and so is the site of the
on the basis of the available evidence (see, for example, refexcitation. The larger changes in bond lengths between the
25) is, if anything, an overestimate. For this value, only 10% ground and electronically excited state occur therefore in the
of the molecules that are created in the transition state sampleC—C=0 moiety. Upon excitation, the FranekCondon region
other configurations before dissociation. Therefore, prompt is where these atoms are displaced from their equilibrium
decay is the dominant decay mode, even when not all the positions, and so it is this region of the molecule that is energy
molecules that are initially excited have their energy localized. rich. That this region is also the gateway to the continuum is
The conclusions of the Simp|e kinetic model are fu||y what makes the prompt decay observable. The success of Diau
supported by the quantum mechanical computations. Why then€t al. is not only that they beat the time scale for energy
are there but few experimenta| reports of prompt decay of redistribution. It is as much that they achieved a selective
energy-rich molecules? One reason is that it is necessary to havéxcitation that placed the energy-rich molecule at or near the
the experimental time resolution. Only in large molecules is transition state.
the slow decay so slow that a decay which occurs on the
submicrosecond time scale must be due to a prompt processReferences and Notes
In ordinary energy-rich polyatomics, the slow decay is itself

quite fast and it needs a pumprobe time-resolved experiment (1) Laidler, K. J.chemical kineticsHarper & Row: New York, 1987.
to detect a prompt component. The second reason is that the (2) Schlag, E. W.; Levine, R. DChem. Phys. Lettl989 163 523.
presence of the prompt decay is only important if the initial (3) Butler, J. N.; Kistiakowski, G. BJ. Am. Chem. Sod 961 83,

g - - 1324. Oref, I.; Scheutzle, D.; Rabinovitch, B.B.Chem. Physl971, 54,
excitation creates a sufficient number of molecules with the 575. Rynbrandt, J. D.. Rabinovitch, B. . Chem. Physl971, 54, 2275.

energy localized. Otherwise, the decay will be delayed. (4) Schulz, P. A; Sudbo, A. S.: Krajnovich, D. J.: Kwok, H. S.: Shen,
A separation in time scales in the decay, leading to a dis- Y. R.; Lee, Y. T.Ann. Re. Phys. Chem1979 30, 311.

tinguishable prompt and delayed components requires (cf. Fig-  (5) Lupo, D. W.; Quack, MChem. Re. 1987, 87, 181.

ure 1) thatNy/N < 1 or ki/ké < 1. This condition is that most (6) Damm, M.; Deckert, F.; Hippler, H.; Troe, J. Phys. Chen1991,

states of the energy-rich molecule do not have the energy 95 2005.

localized. Collisional or chemical activation tends to produce (7) Lederman, S. M.; Lopez, V.; Fairen, V.; Voth, G. A.; Marcus, R.

only moderate deviations from uniformity of all quantum A Chem. Phys1989 139 171.

state® Hence, such processes will usually not preferentially ~ (8) Crim, F. F.Sciencel99Q 249, 1387.

populate states of the transition state. Larger molecules are better, he(r%) legig;aluéi Rﬁggh'ag' E. W Martinez, T. J.; Levine, R.JDPhys.

candidates becausé is not small, and so the transition state o L ) . _

is easier to access. This will be particularly so for selective 19%0)10}8”;’232}(” Guo, J.; Baskin, J. S.; Zewail, A. H. Phys. Chem.

excitation, €.g., by optical means, which due to FrasiClndon (11) Diau, E. W.-G.; Herek, J. L.; Kim, Z. H.; Zewalil, A. FScience

considerations, places the initially created energy-rich molecule 1998 279 847.

in a very restricted configuration. The need then is to find such  (12) \weinkauf, R.; Aicher, P.; Wesley, G.; Grotemeyer, J.; Schlag, E.

molecules where the FraneiCondon region is at or near the ~ W. J. Phys. Chem1994 98, 8381.

transition stat@’ Photodetachment experimefitsand the (13) Remacle, F.; Munster, M.; Pavlov-Verevkin, V. B.; Desouter-

NeNuPo pump-probe schentd provide another route to this ~ Lecomte, M.Phys. Lett.199Q A145 265.

goal and are possible to implement also for larger molecules.  (14) Remacle, F.; Levine, R. DMol. Phys.1996 87, 899.

Diau et al'! report ultrafast activation of cyclic ketones, which ~ (15) Remacle, F.; Levine, R. [3. Phys. Chem1996 100, 7962.
eliminate CO by a Norrish type | two-step mechanism where a (16) Levine, R. D.Quantum Mechanics of Molecular Rate Processes
. . - . Clarendon: Oxford, 1969.
C—C bond is broken first. The energy-rich radical £H 17 Nordhol . Ri hem. Phvel975 62 157
(CH»)»—C=0, n = 2, 3, 4, and 10, then dissociates to form (7 Nor holm, S.; Rice, S. Al. Chem. Phys1975 62, 157.
CO. This process is monitored by an ultrafast probe that ionizes . .(18) Peskin, U.; Reisler, H.; Miller, W. H). Chem. Phys1994 101,

the species, and the mass spectrum is recorded. Therefore, the (19) The ratio is all that is needed because the sum does not really matter.

time profile of both the decay of the parent and the rise of the the kinetic equations are linear so that if one doubles the amount of starting
products is determined. Earlier experiments by Kim et?al. material the solution is unchanged except that all concentrations double.
suggested that for the second step in the dissociation of ketones (20) There is one caveat. To have a quantitative agreement with the
the excitation is localized in the GHC=O0 region of the RRKM time evolution it is necessary that = (k + kt + ki)? — 4kt k >
molecule, albeit possibly nonuniformly. Since the rate measured 2;T1V;nfCh means, in agreement with the spirit of RRKM, that the Kaie

by Kim et al. iS. comparable for the acety.l and.pr'opionyl radicals, (21) The observatidid of discrete steps in the delayed decay, as a
we shall take it as the prompt rate of dissociation of the€H  function of energy, steps which occur whiig increases by unity, shows
C=0 moiety. For the larger radicals,> 0, Diau et al. report that the energy of the states of the transition state is fairly well defined and
rates of decay of the parent or of the formation of products that nence that the rate of their dissipation is low.

are comparable to those of= 0. This is consistent with the (22) Lovejoy, E. R.; Kim, S. K.; Moore, C. BSciencel992 256 1541.
kinetic model discussed above if the initial energy deposition  (23) Sewell, T. D.; Thompson, D. L.; Levine, R. D. Phys. Chem.

is largely localized in the CkH-C=O0 region irrespective of the 1992 96, 8006.

size of the radical. Since the prompt lifetime is of the order of ~ (24) Troe, J.J. Phys. Cheml986 90, 357.

100-200 fs, it is at most 10-fold slower than a vibrationatC (25) Leitner, D. M.; Wolynes, P. GChem. Phys. Letl997 280 411.

stretch frequency so that the fraction of molecules that promptly . . (26) This is because such processes represent an average over very many
decay should be considerable initial conditions such as orientations, impact parameter, rotations, etc.

. . L . (27) Remacle, F.; Lorquet, J. C.; Levine, R.Chem. Phys. Letl.993
It is reiterated that the fast activation is a necessary but not 209 315.

sufficient condition for the prompt decay. It is equally necessary  (28) Neumark, D. MAcc. Chem. Re<.993 26, 33.
that the initial activation accesses configurations where the 29y wolf, S.; Sommerer, G.; Rutz, S.; Schreiber, E.; Leisner, Tst/o
energy is localized. Otherwise, the decay will be delayed even L.; Berry, R. S.Phys. Re. Lett. 1995 74, 4177.



